Introduction
"Our family has been here for generations". Such a statement on multi-generation presence characterizes individuals or families who consider themselves to be deeply rooted in their territory. Transmission and presence of family names are often used to measure this type of territorial ancestry, or the homogeneity or heterogeneity of a population (see, for example, Colantonio et al. 2003; King et al. 2006; Longley, Webber and Lloyd 2007; Lucchetti et al. 2011; Darlu et al. 2012; Parkin 2015; Roman-Busto 2015) . However, the family name represents, at the individual level, but one branch (usually the paternal line) of a complete genealogical tree. As such, it may not be a precise indicator of a person's ancestral roots. A more accurate picture of ancestral roots should be based on all branches of the genealogy.
Following a previous study which presented a method to measure ancestral roots in terms of the number of generations (Tremblay 2014) , here we propose a new method to express these roots in terms of years. This method uses deep-rooted ascending genealogies, containing information on places and dates of marriage of all ancestors identified in the population. The measure is calculated from the point of view of the contemporary population, and reflects the extent of historic migratory movements which led to present-day settlement patterns.
Genealogies and the Quebec population
For centuries, people have searched for their ancestors and worked at reconstituting family trees (Gauthier 2008) . With the proliferation of easy-access websites such as Ancestry and FamilySearch, genealogical research has become increasingly popular (Bishop 2008; Kramer 2011; de Groot 2015) . But genealogies are much more than a popular pastime. The usefulness of genealogical data has indeed long been recognized in several areas of scientific research, from the historical sciences to demography (Lynch et al. 1985; Brunet and Bideau 2000) , genetic epidemiology (Newman et al. 2001; Zaitlen et al. 2013; Tremblay et al. 2014) and population genetics (Helgason et al. 2005; Larmuseau et al. 2012; Gauvin et al. 2014) . When carefully reconstructed with reliable data, genealogies can reveal a lot about the history, evolution and structure of a population (Heyer 1999; Gagnon and Heyer 2001; Tremblay et al. 2009; Moreau et al. 2011 ).
The population of Quebec represents an excellent laboratory for this type of investigation, because of the high quality of existing data. Baptism, marriage and burial records covering nearly the entire Quebec population since the early 17 th century have been particularly well preserved over the years (Charbonneau et al. 2000) . The digitizing and linkage of these records led to the creation of exceptional population databases that have been used by many scholars in recent decades (BALSAC 2016; Dillon et al. 2017 ).
The province of Quebec is located in the eastern part of Canada. Its territory is divided into 17 regions covering approximately 1.5 million square kilometres (Figure 1) . Most of the population of 8.3 million lives in the southern part of the province, in regions located along the St-Lawrence river (Girard et al. 2016) . The first settlers of European descent (mostly from France), who arrived in Quebec during the 17 th and 18 th centuries, were established in these regions (Charbonneau et al. 2000) . After the takeover of the colony by British authorities in 1760, immigrants from GreatBritain and Ireland started to settle in Quebec, mainly in or near the Montreal region (McInnis 2000a) . Regions located further north and east, such as Saguenay-Lac-St-Jean, Côte-Nord, AbitibiTémiscamingue and Nord-du-Québec, were developed during the 19 th and early 20 th centuries.
Data and methods
Data was retrieved from the BALSAC and PRDH population registers. These databases contain demographic and genealogical data on the population of Quebec from the 17 th to the 20 th century (BALSAC 2016; Dillon et al. 2017) . For the purpose of this study, a dataset composed of 5,100 ascending genealogies was constructed. The starting points of the genealogies (the subjects) are individuals who were married between 1966 and 1985 in one of the seventeen Quebec regions (300 genealogies per region). These subjects were chosen at random among the available marriage records (one subject per married couple) 1 . Dates and places of marriage of all ancestors identified in the genealogies were used to calculate the age of ancestral roots in each region.
The genealogical branches go back to the first immigrants who came to the province of Quebec 2 . In many cases, this goes back as far as 16 or 17 generations (early 17 th century). But not all branches reach this depth. In order to give an idea of the length of these genealogical branches, the mean genealogical depth was calculated for each region. This measure illustrates the richness of the data collected (Cazes and Cazes 1996) . It is based on the genealogical completeness (C g ) which shows the proportion of ancestors identified at each generation, for an expected value of 2 g ancestors (where g is the generation) per genealogy:
where: g = generation (generation of subjects' parents = 1) A g = number of known ancestors at generation g N = number of genealogies Summing completeness over all generations gives the mean genealogical depth.
All regional founders were identified in each genealogy, and their genetic contribution to the subjects was calculated 3 . The regional founders are the first ancestors, going up every genealogical branch, whose parents were married outside of the subject's region (see Figure 2 ). The genetic contribution allows us to specify the relative contribution of each founder to the subject's gene pool (O'Brien et al. 1994 ). This measure takes into account the number of occurrences of the founder in the genealogy and the distance, in number of generations, between the founder and the subject (Heyer 1995) 4 .
The age of the subject's ancestral roots was calculated by weighting regional founders with their genetic contribution to the subject and the number of years between them. Since the exact date of arrival of each founder in the region is not known, the mid-point between the founders' year of marriage and that of their parents (who, by definition, were married outside of the region) was used as a proxy. The calculation is as follows:
where: f = number of regional founders linked to the subject c = number of genealogical paths between founder and subject g ij = number of generations, in each genealogical path, between founder and subject M s = subject's year of marriage M i = founder's year of marriage (latest possible year of arrival of the founder in the region) M Pi = founder's parents' year of marriage (earliest possible year of arrival of the founder in the region)
The result is expressed in years and provides an estimate of the length of the subject's ancestral roots in his/her region (see example in For comparison purposes, age of individual paternal and maternal roots were also calculated, based on the paternal or maternal lines in each genealogy. The paternal line contains the father of the subject, his paternal grandfather, the father of his paternal grandfather, and so on. Similarly, the maternal line is formed by the subject's mother, his maternal grandmother, etc. In both cases, only one regional founder appears for each subject (the paternal or maternal founder) and his/her genetic contribution is equal to 1. In the example provided in Figure 2 , the paternal founder is labelled as F 2 , while F 8 represents the maternal founder.
Analyses of genealogical data was done with the help of the GENLIB software (Gauvin et al., 2015) .
Results and discussion
Approximately one million ancestors were identified in the genealogies of each region, but several ancestors appear in more than one region and in more than one genealogy. On average, the genealogies contain between 2,904 and 4,918 ancestors (Table 1) . The lowest value is that of the Gaspésie-IDLM region, which is in accordance with its lower genealogical depth of 9.2 generations. Conversely, the Saguenay-Lac-St-Jean region shows the highest mean number of ancestors and the highest genealogical depth (10.6 generations). Maximal genealogical depth varies between 16 and 18 generations. These results give a good idea of the overall completeness (the proportion of ancestors identified) of the Quebec genealogies. In all regions, completeness is above 80% from the 1 st to the 7 th generation, which means that at least 80% of the ancestors were identified up to the 7 th generation. After the 10 th generation, completeness decreases more rapidly, as the genealogical branches reach the immigrant ancestors.
The mean values of the age of individual ancestral roots vary from 16 years (Nord-du-Québec region) to 157 years (Chaudière-Appalaches region). Regions located in the central and eastern parts of the province tend to show the highest values (above 100 years), while the northern and western regions have lower values. Results show that the mean ages of paternal and maternal roots are very similar to the mean ages of all ancestral roots. Differences tend to be more important in the regions where theses ages are the highest, which can be explained by longer genealogical paths leading to the regional founders in these regions.
Age of individual ancestral roots also show significant differences from one region to another, but also within each region (Figure 3) . Among the western regions (Figure 3a ), Montreal and Montérégie have the highest values, but the proportion of roots with an age above 150 years (2% and 24%, respectively) remains relatively low in these two regions, in comparison with most of the central regions (Figure 3b ). Laval has a number of subjects with ages of ancestral roots above 150 years, although 87% of the subjects from this region have roots with ages lower than 20 years. Outaouais has relatively few subjects with roots over 120 years, but has the highest median value among the western regions, with 50% of the subjects over 86 years. Laurentides has a small median value of 23 years, but 25% of its subjects reach 120 years or more. None of the AbitibiTémiscamingue subjects have roots above 85 years.
Subjects from Capitale-Nationale (central regions, Figure 3b ) have the most ancient ancestral roots, 21% of which exceed 240 years (the highest value reaches 308 years). In Chaudière-Appalaches, 73% of the subjects have roots above 120 years, and 50% are over 197 years. Mauricie (127 years), Lanaudière (124 years) and Centre-du-Québec (111 years) also have a relatively high median value. The Estrie region show the lowest values among the central regions.
Bas-St-Laurent and Gaspésie-IDLM show similar distributions of their subjects' ancestral age, although the values are a little higher in Bas-St-Laurent (Figure 3c ). Half the subjects in Bas-StLaurent have roots over 170 years, in comparison with 25% of the subjects in Gaspésie-IDLM. The distribution of the subjects' ancestral ages in Saguenay-Lac-St-Jean is somewhat similar to that of the Outaouais region (Figure 3a ), but with a higher median value of 103 years. Along with Laval (Figure 3a) , Nord-du-Québec has the smallest median value (14 years). Côte-Nord also has one of the smallest median value (26 years), but 40% of its subjects' ancestral ages are over 67 years, while Nord-du-Québec show no individual ancestral age above 54 years.
These results reflect both the age of initial settlements in the Quebec regions and the migration movements that occurred during their history. 6 Montreal, which is the most populated region of Quebec (2 million (Girard et al. 2016; St-Amour 2016) . Located nearby Montreal, Laval was also founded relatively early (around 1675), but most settlements in this region occurred much later (Fortin et al. 2008) . Laval is also the smallest region of Quebec in terms of area, which, all things being equal, makes it less suitable for the retention of descendants over a long period.
Capitale-Nationale is where the very first European settlements in Quebec occurred (Quebec City was founded in 1608). Therefore, it is not surprising that the oldest ancestral roots are found in this region. But, in comparison with regions such as Chaudière-Appalaches, Bas-St-Laurent and Gaspésie, Capitale-Nationale had a good share of interprovincial migrants during the 20 th century (André 2008) . Apart from this latter region, Central and Eastern regions have historically experienced lower in-migration levels than most of the Western regions. Abitibi-Témiscamingue and Nord-du-Québec were colonized much later than the other regions (Vincent et al. 2005; Girard et al. 2012) , which explains their low mean and maximum ancestral ages. Figure 4 compares the ages of individual regional roots with those obtained when only the paternal lines (Figure 4a ) or only the maternal lines (Figure 4b ) in each genealogy are taken into account (for practical reasons, results for the seventeen regions are pooled in the same graph). Results for maternal and paternal lines are also compared (Figure 4c ). Since the three methods yield the same results when the regional founder is the subject himself, these cases are not included in the figures (for the most part, these are cases for which the ages of ancestral roots are below 30 years). Although both figures 4a and 4b show a relatively high correlation between the two values (r = 0.781 for paternal roots and r = 0.779 for maternal roots), there are many instances where the differences are fairly high (in both directions). Figure 4c shows that the correlation between ages of maternal and paternal roots is even much lower (r = 0.424). This means that paternal or maternal lines cannot be taken as precise indicators of individual ancestral roots in the Quebec regions.
Conclusion
This study presented a method to measure ancestral roots in a given territory. Taking into account detailed information about dates and places of marriage of ancestors identified in deep-rooted ascending genealogies of Quebec residents, results showed that the age of regional ancestral roots vary greatly. This is explained by differences in settlement and migration histories. Regions which were settled earlier or with low in-migration have the oldest roots. Younger roots characterise regions which were populated more recently or have experienced many migrations. At the individual level, these results reflects the magnitude of regional persistence among the ancestors of contemporary Quebec residents.
Results also showed that paternal and maternal lines are, on average, about the same age as all ancestral lines. However, on the individual level they are often not representative of the whole genealogical tree. Assessments of multi-generational presence in a territory should thus be based, preferably, on all ancestors and not only those from either the paternal or maternal lines. Given data availability, the method used here could be applied to other populations with similar or different geographical subdivisions. Results derived from using this method could provide useful knowledge about the regional diversity of settlement history in a given territory, by differentiating regions in which the population is deeply rooted from those where the ancestral roots are shorter. Such knowledge may help researchers better understand the social and genetic structure of a population by depicting the relative genealogical homogeneity or heterogeneity of communities across space.
1. These marriages are essentially Catholic. Marriages of other faiths or unions which have not been the subject of a marriage certificate were thus excluded from the samples. A total of 919,507 marriages were recorded in Quebec between 1966 and 1985 (Girard et al. 2016 , of which approximately 87% were Catholic (the exact proportion is not known). For each region, the distribution of subjects according to their place of marriage is proportional to the population of the municipalities of the region according to the 1976 census (mid-point of the subjects' marriage period).
2. In some cases, due to missing data, information about the first immigrant was unknown. Overall, 97% of the total genetic contribution to the 5100 subjects was traced to known immigrants.
3. Regional founders must not be confused with immigrant founders. Immigrant founders refer to the territory of Quebec as a whole, whereas regional founders refer to specific regions of Quebec. Hence, the genealogical branches do not necessarily end with regional founders (in fact, most branches don't). Since all regional founders are known, their genetic contribution to the subjects is totally (100%) explained (there is no missing data).
4. Some founders can appear several times in a single genealogy, through different branches of various lengths. The probability of multiple appearances increases with the number of generations separating the founder and the subject. For example, in the Capitale-Nationale genealogies, one couple of regional founders who were married in 1657 (from 8 to 13 generations back) appears 1668 times in the 300 genealogies, for an average of 5.6 appearances per genealogy; this couple explains 0.97% of the region's gene pool. Most founders, however, appear only a few times. In the Capitale-Nationale genealogies, 53% of the regional founders appear less than 4 times in the 300 genealogies; the average among all regional founders is 25 appearances in the 300 genealogies, for an average of 0.08 appearance per genealogy and an average genetic contribution of 0.03%. 5. As stated previously, all regional founders have been identified in the genealogies. In the case of missing data, the age of regional ancestral roots could still be calculated based on all known regional founders, assuming that the average contribution of unknown founders is similar to that of known founders. Alternatively, the contribution of the earliest ancestors (going up every genealogical branch) married in the same region as the subject could be used if the place of marriage of their parents is unknown; in such cases, the age of regional ancestral roots must be considered as a minimal value.
6. Since these results were obtained using data from ascending genealogies, they do not represent all the migration movements that occurred in the regions since the beginning of settlement. The objective of this study was to measure the ancestral roots of contemporary people in the population based on information about their ancestors. As such, results cannot reflect migrations of people who did not have descendants in the contemporary population.
In fact, they may be best interpreted as a kind of "resulting intergenerational interregional migration" in Quebec since the early 17 th century.
